Heating competent Azotobacter vinelandii at 37 or 42°C resulted in a total loss of competence with no loss of viability. The transformation process was relatively insensitive to heating at either temperature once DNase-resistant DNA binding was nearly complete. Although competent and 42°C-treated cells bound equivalent amounts of [32P]DNA in a DNase-resistant state, no donor DNA marker (nij) or radioactivity was detected in the envelope-free cell lysate of heated cells, suggesting that DNA transport across the cell envelope was a heat-sensitive event. Competence was reacquired in a 42°C-treated culture after 2 h of incubation at 30°C by a process which required RNA and protein syntheses. (33) and also reduces their ability to discriminate against heterospecifiic DNA and low-efficiency homospecific markers (9). Competent Bacillus subtilis is unable to bind DNA in a DNase-resistant state after brief heating at 50°C (25), and donor marker survival is also sensitive to heating (25, 26 
Heating competent Azotobacter vinelandii at 37 or 42°C resulted in a total loss of competence with no loss of viability. The transformation process was relatively insensitive to heating at either temperature once DNase-resistant DNA binding was nearly complete. Although competent and 42°C-treated cells bound equivalent amounts of [32P]DNA in a DNase-resistant state, no donor DNA marker (nij) or radioactivity was detected in the envelope-free cell lysate of heated cells, suggesting that DNA transport across the cell envelope was a heat-sensitive event. Competence was reacquired in a 42°C-treated culture after 2 h of incubation at 30°C by a process which required RNA and protein syntheses. The release of a surface glycoprotein, required for competence, from cells treated at 42°C occurred in an insufficient amount to account for the total loss of competence. Recovery of competence in 420C-treatedcells and further transformation of competent cells were prevented by the exposure of cells to saturating amounts of transforming DNA. Further DNase-resistant DNA binding, however, still occurred, suggesting that there were two types of receptors for DNase-resistant DNA binding to competent A. vinelandii. DNase-resistant DNA binding was dependent on magnesium ions, and at least one receptor type did not discriminate against heterologous DNA.
Competence for bacterial transformation designates a physiological state in which cells are able to bind exogenous DNA and transport it across the cell envelope. Competeace defined as the ability of cells to bind DNA in a DNaseresistant state (21) is not applicable to Azotobacter vinelandii, as both transformable and nontransformable cells share equally in this ability (this study). One approach to the study of the physiological aspects of Azotobacter competence is to determine the basis for treatments which are detrimental to competence (29) . It has been shown that heating competent A. vinelandii at 37 or 42°C reduces competence (32) . An envelope glycoprotein with an apparent molecular weight of 60,000 (60K), which is required for competence (29) , is removed from the cells by washing with distilled water at 38TC (34) . We report here that 60K glycoprotein removal is primarily effected by washing cells with distilled water and that the amount released upon heating cells in buffer is insufficient to account for competence loss at 37 to 42°C.
The treatment of competent Haemophilus influenzae at 42°C results in a reduction in the ability of cells to bind DNA in a DNase-resistant state (1) . Heating competent Streptococcus pneumoniae at 35 to 400C has the same effect, and this ability is regenerated at 30°C by a process requiring protein synthesis (18) . Similarly, heating competent Streptococcus sanguis (Challis) at 48°C for 20 min decreases the ability of cells to irreversibly bind DNA (33) and also reduces their ability to discriminate against heterospecifiic DNA and low-efficiency homospecific markers (9) . Competent Bacillus subtilis is unable to bind DNA in a DNase-resistant state after brief heating at 50°C (25) , and donor marker survival is also sensitive to heating (25, 26) . Concentration of culture supernatants and distilled water washes of competent cells. Culture supernatant fluids were concentrated for the analysis of glycoprotein released by competent cells and Ca-limited competent cells as described previously (29) . Distilled water washes of competent cells performed at either 30 or 42°C also were concentrated as previously described (29) .
Electrophoresis. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was carried out by the method of Laemmli (20) under the conditions described previously (29) . Proteins were stained as described by Fairbanks et al. (13) with Coomassie blue R250 in isopropanol-acetic acid.
Time of expression of nitrogenase activity in newly transfornied cells. Cells from a competent culture of strain UW1 were washed twice by centrifugation, using 0.5 volume of Fe-limited, N-free Burk medium to remove excess ammonia, and were resuspended to the original volume in filter-sterilized culture supernatant obtained from strain UW grown for 20 h in Felimited, N-free Burk medium. A 5-ml amount of this cell suspension was dispensed into each of 12 10-ml Erlenmeyer flasks, and the cultures were incubated at 30°C for 4 h to starve the competent cells for nitrogen. The cultures were then transferred to centrifuge tubes containing 1.5 ml of strain 113 crude lysate DNA (60 ,ug of DNA per ml) and 18 ml of transformation assay buffer. After 20 min of incubation at 30°C, the reaction was stopped with 1.0 ml of 100-,g/ml DNase I. The cells were harvested by centrifugation, suspended in 5 ml of Fe-limited, N-free Burk medium, and incubated in 10-ml Erlenneyer flasks at 30CC for the expression of nitrogenase activity. At 20-mii intervals, beginning immediately, flasks were sealed with serum stoppers and nitrogenase activity was measured by the acetylene-ethylene redaution assay (16) Recovery of donor DNA from transformed cels.
Transformation assays were set up in five pairs of 15-ml conical centrifuge tubes, each containing 3.0 ml of transformation assay buffer and 50 ,ug of strain 113 crude lysate DNA. One tube of each pair received 0.5 ml of competent strain UW1 culture, and the other received 0.5 ml of the same culture treated at 420C. After 1, 10, and 30 min of incubation at 30°C, DNA binding was stopped by the addition of 1 ml of 20-Rg/ ml DNase I, and each pair of tubes was placed on ice. DNase was digested with trypsin as described above, except that incubations were for 2 min at 220C, a temperature at which transformation occurs very poorly (32) . The cells were collected by centrifugation at 4°C, and crude lysates were prepared. Cell envelopes were removed by centrifugation at 20,000 rpm for 60 min, and the supernatant was decanted and stored at 4°C. DNA binding in the remaining two pairs of tubes was stopped after 30 min. DNase was inacti-vated as described above, using 5-min incubation periods at 30°C. The cells were collected by centrifugation, suspended in 0.5 ml of sterile culture supernatant, and incubated with shaking at 30°C in 10-ml Erlenmeyer flasks. Envelope-free cell lysates were prepared from these samples 60 and 90 min after the initiation of transformation.
The envelope-free cell lysates were assayed for nif transforming activity by mixing each 0.5 ml of lysate with 1 ml of freshly prepared strain UW1 competent cell suspension in 6 ml of transformation assay buffer. The reaction was stopped after 20 min of incubation at 30°C by the addition of 1.0 ml of 20-,ug/ml DNase I. As the number of Nif+ transformants was expected to be small, the recipient cells were concentrated 7.5-fold before plating on selective medium.
Preparation of purified [32P]DNA. Crude lysate DNA was prepared from strain UW1 grown for 2 days in modified Burk medium containing 1 mM phosphate buffer, pH 7.2, and 2.5 mCi of 32P (55% of which became incorporated). The crude lysate was treated with proteinase K and further purified as previously (32P]DNA binding and uptake. Cells from a competent strain UW1 culture -and from a 42°C-treated, formerly competent culture were concentrated 10-fold into 0.5 ml of sterile competent culture supernatant and mixed with 3 ml of transformation assay buffer containing 0.5 ml of [32P]DNA. After 10 min of incubation, the cells were pelleted and washed once by centrifugation with 4 ml of transformation assay buffer, suspended in the same, and treated with DNase I for 5 min. The amount of unabsorbed (32P]DNA and the amount of radioactivity released by DNase treatment of cells were determined by adding 4 ml of aqueous sample to 6 ml of Monophase 40 liquid scintillation fluor (Packard Instrument Co., Inc., Downers Grove, Ill.) and measuring radioactivity with a Searle model 6880 liquid scintillation counter. Residual DNase in the transformed cell suspension was digested with trypsin, which' in turn was inactivated with trypsin inhibitor as described above. The cell pellet was suspended in 4 ml of sterile culture supernatant. A crude lysate (total volume, 4 ml) prepared from 0.5 ml of this suspension was used to determine the amount of [32P]DNA bound to cells in a DNaseresistant state. The remaining 3.5 ml of cell suspension was shaken for 2 h in a 10-ml Erlenmeyer flask to allow completion of the transformation process. 32P released into the culture supernatant was measured. The location of bound [32P]DNA was analyzed further after spheroplasts were formed by suspending cells in 3.5 ml of 50 mM Tris-50 mM EDTA-10% (wt/vol) sucrose, pH 8.0, and incubating for 60 min at 300C with 100 F.g of lysozyme per ml. Pelleted spheroplasts were lysed by twice suspending them in 5 ml of distilled water. The lysates were pooled and centrifuged at 5,000 rpm for 10 min to collect unbroken cells which, typically, were absent. The lysate was then centrifuged at 20,000 rpm for 70 min to obtain the spheroplast membranes, and the radioactivity in this pellet and in the supernatant was measured.
The spheroplast lysate was analyzed to determine whether all radioactivity was present as high-molecular-weight DNA. DNA and RNA, precipitated by adding 10 ml of lysate to 30 ml of 95% ethanol and placing at -20°C for 24 h, were collected by centrifugation at 4,000 rpm for 60 min, and the amount of soluble 32P remaining in the supernatant was measured. The ethanol-precipitable material was subjected to electrophoresis on a 0.4% agarose-TEA gel for 10.5 at 20 V. Lambda cI857 DNA was used as a molecular weight indicator. The gel was stained with ethidium bromide, and DNA and RNA bands were detected by fluorescence (35) . 32P-labeled material was detected by autoradiography for 9 days at -70°C as described earlier but with du Pont Cronex Lightning-Plus intensifying screens.
Chemicals. All fine chemicals were reagent grade, and most were obtained from Fisher Scientific Co., Edmonton, Alberta, Canada, except for enzymes and trypsin inhibitor, which were from Sigma Chemical Co., St. Louis, Mo. Agarose was supplied by Mandel Scientific Co., Calgary, Alberta, Canada. Carrier-free 
RESULTS
Loss of competence at elevated temperatures and competence recovery. Holding a competent culture of A. vinelandii at 37 or 42°C resulted in an exponential loss of competence (Fig. 1) . Although competence loss at 37°C occurred at a slower rate after a lag of 20 min, both treatments resulted in a complete phenotypic loss of competence. The treatment of cells at either temperature had no effect on viability, and holding competent cells at 30°C had no effect on competence.
Transformable cells were regenerated in 42°C-treated culture by incubation at 30°C (Fig. 2) .
The maximum level of competence attained was (Fig. 2) . Rifampin and chloramphenicol at these concentrations had no effect on the maintenance of competence in an unheated culture.
It has been reported that a 60K envelope glycoprotein required for competence (29) was completely removed from A. vinelandii by washing with distilled water at 38°C but not at 33°C (34) . It was possible, therefore, that synthesis of the 60K glycoprotein was the step necessary for competence recovery in 42°C-treated cells. Although the culture supernatant of the 42°C-treated competent culture contained somewhat more 60K glycoprotein (Fig. 3, lane 4) than did the competent culture supernatant (Fig. 3, lane  3 25 ,ug/ml) (0), rifampin (final concentration, 1 ,ug/ml) (A), or no further additions (0). After 30 min of incubation at 30°C, the cells were harvested by centrifugation and suspended in the original volume of original competent culture supernatant. Incubation was continued, and at intervals samples were removed for transformation assay. formation frequency, 1.8 X 10-6) and released a similar large amount of glycoprotein into the culture supernatant (Fig. 3, lane 1) . Although 60K glycoprotein loss has been correlated with competence loss (29) , clearly, glycoprotein release from 42°C-treated competent cells was insufficient to account for the complete loss of competence observed. These data also indicated that the release of glycoprotein from cells was mediated primarily by washing with distilled water and not by treatment at 42°C.
Effect of elevated temperatures on transformed cels. Competent cells exposed to a 10-fold excess of donor DNA became nearly saturated with DNA bound in a DNase-resistant form after 5 to 10 min (Fig. 4) . DNase DNA binding produced only a small, but consistent, decrease in transformation frequency.
The failure to detect transformants in 42°C-treated, formerly competent cells could not be attributed to a temperature-sensitive event in the subsequent steps of the transformation process. Newly acquired nitrogenase genes in transformed, nitrogen-starved strain UW1 were expressed 60 to 80 min after the addition of transforming DNA (Fig. 5A) . Neither the survival of the donor DNA nif marker in the recipient cell nor the expression of the nifgenes (Fig. 5B) 
DISCUSSION
Genetic tranformation of A. vinelandii was notably similar to that of H. influenzae. DNaseresistant DNA binding to both organisms demonstrated a brief lag (from 1 to 3 s), was saturated after 5 to 10 min of exposure to excess DNA (11, 39) , and occurred outside the cytoplasmic membrane (10, 17) . In both transformation systems, DNA uptake was not accompanied by the release of an equivalent amount of acid-soluble deoxyribonucleotides from the cell surface (40) . Therefore, a nuclease such as that active in gram-positive transformation systems (19, 27) , which generates single-stranded DNA during uptake, does not have an equivalent role in A. vinelandii transformation. Single-stranded DNA probably is not an acceptable donor in this system because heat-denatured A. vinelandii DNA (60 Lg of DNA per ml of SSC at 100°C for 25 min) is 1,200-fold less active in transformation than native DNA (data not shown). Since biologically active donor DNA was recovered from transformed A. vinelandii as early as 1 min after the DNA addition, it is likely that the donor DNA is transported in a double-stranded form, typical of gram-negative transformation systems (1, 2, 38) .
In contrast to other heat-sensitive transformation systems (9, 25, 26, 33) (5, 12, 15, 36) . A possible exception to this rule was the anomalous behavior of (W-14 DNA, a DNA species which also is exceptionally competitive in the B. subtilis transformation system (24) . When competent A. vinelandii cells are generated by the artificial system used to produce competent Escherichia coli cells (6) , however, they show the same lack of discrimination against heterologous DNA as does E. coli (3, 8 (10, 11, 17) and N. gonorrhoeae (12) , which recognize specific uptake sequences on transforming DNA. These sequencespecific receptors are reputed to bind and transport one molecule of DNA each, but A. vinelandii doubly transformed by unlinked markers is often observed (unpublished data), suggesting that there are several type 2 receptors per competent cell. The lag before the loss of transformation competence during 37°C treatment suggests that there are also several copies of a heat-labile DNA uptake site per competent cell.
The lack of transformants in a 42°C-treated culture, containing prebound homologous DNA, after incubation for a period sufficient to otherwise allow competence recovery suggests that DNA uptake may have to occur concomitantly with DNA binding to type 2 receptors. The rapid recovery of donor DNA marker (nif) from competent cells demonstrated that DNA transport was occurring very soon after DNase-resistant DNA binding. DNA binding to type 2 receptors may alter the receptor, preventing it from becoming properly associated with the DNA uptake mechanism at a later time. Type 2 receptors, therefore, may be synthesized only once in the competence cycle, or if they are synthesized during competence recovery, they may be inactivated by DNA prebound to the cell. 
